Quantitatively consistent, scale-spanning model for same-material
  tribocharging by Grosjean, Galien et al.
The role of spatial correlations in same-material tribocharging
Galien Grosjean,∗ Sebastian Wald, Juan Carlos Sobarzo, and Scott Waitukaitis
IST Austria
Lab Building West
Am Campus 1
3400 Klosterneuburg AT
(Dated: June 15, 2020)
The observation of charge mosaics suggests that same-material tribocharging may arise via surface
heterogeneity, whose origin and role have gone unquestioned. Here we reveal how spatial correla-
tions in donor/acceptor properties affect the surface heterogeneity model. Correlations dramatically
enhance the scale of charge transfer, while effectively inhibiting fluctuations. A toy model based on
a generic nucleation process where donors prefer to be close is sufficient to explain our results and
previous experiments, giving insight in the underlying cause and effect of surface heterogeneity.
Tribocharging, the transfer of charge between materi-
als during contact, plays a critical role in natural phe-
nomena [1–5], industrial processes [6, 7], and energy
harvesting devices [8–10], yet its causes are not well-
understood [11]. For insulators, issues as fundamental
as which species is being transferred (electrons vs. ions)
are ongoing topics of debate [11–13]. Furthermore, there
is overwhelming evidence that even identical materials,
when brought into contact, systematically transfer charge
[14–23]. Several mechanisms could be involved in this
‘same-material’ tribocharging, including ones based on
localized stresses [24], trapped electrons [25–29], induced
polarization [30–34], or mechanochemistry [6, 35–37]. Al-
ternatively, a few experiments suggest that the required
symmetry breaking could be more subtle, involving in-
herent statistical fluctuations in the properties of the ma-
terial itself [17, 18, 22, 38, 39]. Working with conformally
contacting PDMS samples, Apodaca et al. found that the
scale of charge transfer grows with the square root of the
contacting area [17]. This led them to propose the exis-
tence of heterogeneity in the charge donor/acceptor na-
ture of the surface. Imagining a surface of area A = L×L
can be partitioned into equally sized donor/acceptor sites
and assuming they are uncorrelated and Gaussian dis-
tributed, one naturally recovers |∆Q| = C√A, where the
prefactor, C, depends on the site density, N/A. Physi-
cally, this density must have a lower limit on the order of
one donor/acceptor per atom, yet the density (2.90×1018
mm−2) required to explain the data in Ref. [17] cor-
responds to sites whose side lengths are approximately
0.005 A˚—more than 100 times smaller than the Bohr ra-
dius of hydrogen.
Nonetheless, qualitative features reminiscent of this
surface-heterogeneity-based model have been observed,
but at significantly larger lengthscales. Using Kelvin
Force Probe Microscopy, Baytekin et al. observed neigh-
boring regions of positive and negative charge on samples
after contact that were correlated over lengths from tens
to hundreds of nanometers [18]. The existence of these
“charge mosaics” raises numerous questions. How can
the unrealistically small lengthscales implied by Ref. [17]
be rationalized with the much larger scales observed in
Ref. [18]? How would the existence of spatial correla-
tions alter the surface heterogeneity model? And what
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FIG. 1. (a) Same-material tribocharging may be caused by
inherent surface heterogeneity [17]. Partitioning the surface
into equally sized sites, a unit charge e is transferred when
any donor site touches an acceptor; the net transfer, ∆Q, is
in general non-zero due to statistical variations. (b) Surfaces
with identical donor probability p (and acceptor probability
1 − p), but different correlation lengths, l; on the left, l = l0
(where l0 is the size of a single donor/acceptor site), and on
the right l = 5 l0. (c) The distribution in ∆Q for a single
contact is broader when l = 5 l0 (dark violet, ∼200 e) than
when l = l0 (light red, ∼100 e). (d) For sequential contacts,
the scale of charge transfer is again larger for l = 5 l0, and
fluctuations that dominate the l = l0 case are not significant.
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2underlying physical process(es) could create such hetero-
geneity in the first place? In this work, we use simula-
tions and analysis to investigate how spatial correlations
in donor/acceptor properties affect the surface hetero-
geneity model for same-material tribocharging. We find
that the scale of charge transferred is dramatically en-
hanced, growing approximately linearly with the correla-
tion length when it is much larger than the elementary
site size. For sequential contacts, we determine how cor-
relations affect the average behavior, but also how they
effectively suppress fluctuations. Finally, we address the
origin of the the underlying heterogeneity, revealing that
a nucleation toy model where donor sites ‘prefer’ to be
close is sufficient to explain the observed behavior.
We simulate charge transfer between pairs of ‘syn-
thetic’ surfaces (in contrast with the physically de-
rived surfaces discussed later) by creating two N -element
matrices involving three lengthscales: l0, l, and L.
The smallest scale, l0, corresponds to an elementary
donor/acceptor site and is represented by a single matrix
element. The largest scale, L, corresponds to the system
size. We assume that there is a single intermediate scale,
l, which characterizes the donor/acceptor correlations.
Each matrix element is assigned to be either a donor or
an acceptor, with probabilities p and 1− p, respectively.
Critically, these assignments take into account correla-
tions over the lengthscale l, which is accomplished via
appropriate thresholding on a random scalar field (see
Supplemental Material [40]). During a ‘contact’, we gen-
erate a ‘left’ surface and a ‘right’ surface with distinct
donor/acceptor patterns, but generated from identical
input lengthscales and probabilities. Charge transfer of
one unit, e, between matrix elements ij occurs if and
only if (1) element ij on the left/right is a donor, (2)
element ij on the right/left is an acceptor, (3) the value
of an independent random uniform variable is less than
the transfer probability, α, and (4) in the case of sequen-
tial contacts, transfer between sites ij has not previously
occurred. The net charge transferred is the difference in
the total numbers of left-to-right (‘right’) and right-to-
left (‘left’) transfers.
Figure 1 illustrates two representative surfaces, where
in the first l= l0, and in the second l=5 l0. In each case,
the a priori probability that an individual element will be
a donor/acceptor is the same (p = 0.5). Nonetheless, we
see stark differences in the charge transfer between pairs
with l = l0 compared to pairs with l = 5 l0. In Fig. 1c,
we plot distributions of the amount of charge transferred
in the first contact, ∆Q, for ensembles consisting of 1000
pair-instances. Both of the resulting distributions are
Gaussian and centered at zero, but while the l= l0 dis-
tribution has a width of ∼100 e, the l = 5 l0 width is
∼200 e. The lengthscale l also affects the behavior in se-
quential contacts for a given surface pair. Fig. 1d shows
two examples of the accumulated charge on one surface,
|Q|, as a function of the number of contacts, nc. Like
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FIG. 2. (a) Average charge transfer |∆Q| after one contact,
for different values of l and L (α = 1, p = 0.5). The scaling
|∆Q| ∝ L is recovered in all cases, but with a growing prefac-
tor. (b) For fixed L and l, |∆Q| ∝ αk, where the exponent k
is a function of l. (c) The data from (a) for l >> l0 collapses
to a line of slope unity when rescaled using Eq. 2. (d) The
exponent k vs. l/l0. When l ≈ l0, transfer is probabilistic
(Eq. 1) and |∆Q| ∝ √α. When l  l0, we can treat transfer
as occurring at a fixed rate (Eq. 2) where |∆Q| ∝ α.
the initial ∆Q, the final charge, Qf , is typically much
larger when l = 5 l0. Additionally, fluctuations from one
contact to the next are on the order of Qf for the l = l0
case, but are hardly discernible when the l = 5 l0 (con-
sistent with the smooth curves that have been observed
experimentally [17]).
In Fig. 2, we examine the scale of charge transfer from
the first contact in detail. Fig. 2a shows the average ab-
solute value of charge exchanged, |∆Q|, as a function of
increasing system size and for several values of l. The
scaling |∆Q| ∝ √A ∝ L/l0 is recovered in all cases, but
the prefactor steadily increases with l > l0. Fig. 2b
shows that the dependence on the transfer probability,
α, exhibits unexpected non-linear behavior. At every
value of l, we see a trend consistent with a power law,
i.e. |∆Q| ∝ αk. However, the exponent, k, increases with
l, starting at k = 0.5 for l = l0 and saturating at k = 1.0
for l >> l0 (Fig. 2d).
To explain these observations, we first consider the case
L >> l = l0, here sketching our arguments and present-
3ing a detailed explanation in the Supplemental Material
[40]. Our analysis runs parallel to Ref. [17], but with the
aid of our simulations we have teased out subtleties that
were previously missed. We momentarily focus solely on
right transfers, which occur with a compound probability
p(1−p)α. Absent spatial correlations, the behavior of site
ij is independent of its neighbors, hence the total num-
ber of right transfers is Gaussian distributed with mean
eNp(1−p)α and width e√Np(1− p)α(1− p(1− p)α). A
similar distribution exists for left transfers, but strictly
speaking these are only valid when considered indepen-
dently as simultaneous left/right transfer cannot occur.
Nonetheless, this would only happen with probability
(p(1− p)α)2, which is inherently small. We can therefore
approximate the left/right distributions as independent.
Given ∆Q is the difference of left/right transfers, it is
also Gaussian distributed, with zero mean and a width
given by σ = e
√
2Np(1− p)α(1− p(1− p)α). Neglect-
ing terms on the order of
(
p(1 − p)α)2 and considering
|∆Q| = √2/piσ [40], we arrive at
|∆Q| =
√
2
pi
eL
l0
√
2p(1− p)α. (1)
This result therefore recovers the
√
A scaling found previ-
ously [17], but differs in that the α dependence is square
root rather than linear—consistent with the low l/l0 limit
k = 0.5 in Fig. 1d. Physically, this reflects the fact that,
at the level of elementary charged particles, transfer is
inherently probabilistic. In the Supplemental Material
[40], we verify that Eq. 1 collapses our numerically sim-
ulated data in this limit for a wide range of values of p
and α.
Next we consider the case L >> l >> l0 (again leav-
ing the detailed treatment to the Supplemental Material
[40]). This fundamentally alters the argument above,
as we cannot assume that the left/right behavior of a
given site is independent of its neighbors. We therefore
break the problem into two parts. First, we deal with
the (correlated) donor/acceptor probabilities by consid-
ering a system rescaled by the factor l/l0, leading to new
surfaces with N ′ = N/(l/l0)2 larger ‘patches’. With the
only spatial structure involving the introduction of this
scale (and not, e.g., periodicity), we make the ansatz
that donor/acceptor identities of entire patches can be
presumed to occur with probabilities p and 1− p. Next,
we rescale back to the original system to deal with the
(uncorrelated) transfers, which still occur independently
for each site and with probability α. During contact, the
characteristic number of donors that face acceptors in the
patches is given by n = (l/l0)
2. If n is sufficiently large,
the mean transfer per patch (αn) is much larger than the
fluctuations (
√
nα(1− α)), which means we can treat α
as a rate rather than a probability. Considering this, we
find that the scale of charge transfer when l >> l0 is
given by
|∆Q| =
√
2
pi
eαLl
l20
√
2p(1− p). (2)
This expression differs from Eq. 1 in two ways. First, the
dependence on α is linear rather than square root (ex-
plaining the large l/l0 limit k = 1 in Fig. 2d). This
is the same as Ref. [17], but is only justified if cor-
relations are present. Second, unlike both Eq. 1 and
Ref. [17], the scale of transfer increases linearly with the
ratio of the correlation length to the site size, l/l0. In
Fig. 2c, we confirm that rescaling the data from Fig. 2a
by the prefactor F = αl/l0
√
4p(1− p)/pi collapses |∆Q|
when l >> l0. The increase of charge transfer with l
is somewhat surprising, especially considering that the
mean number of donors/acceptors on a surface remains
constant. The fundamental reason for this is that the
variability in the number of donors/acceptors depends
strongly on the scale of spatial correlations. This can
be readily appreciated by considering the extreme case
l = L, where all N sites are either donor or acceptor,
and consequently |∆Q| ∝ αeN . This highlights the fact
that, in the surface heterogeneity framework, same- and
different-material tribocharging are two manifestations of
the same phenomenon, only appearing to be different as
a result of the scale at which one looks.
We now turn our attention to sequential contacts. As
shown in Fig. 3a, repeated transfer between the same
two surfaces leads to curves in total accumulated charge,
|Q| vs. nc, that saturate at some value, Qf . For large
or small l/l0, the underlying trend is consistent with a
saturated exponential, i.e.,
Q(nc) = Qf (1− exp (−αnc)) . (3)
Previous studies have integrated |Q| vs. nc curves nu-
merically [17], or simply assumed a form similar to Eq. 3
[38], but in the Supplemental Material we show this is
straightforward to recover [40]. What is more interest-
ing are the relative fluctuations on approach to Qf . For
large l/l0, these are are not noticeable, with curves that
neatly approximate Eq. 3. On the other hand, for small
l/l0, the early charging behavior is overwhelmed by the
fluctuations, with non-monotonic features that are not
observed experimentally [17]. We quantify the scale of
the fluctuations by repeatedly performing first contacts
between a single pair of surfaces (‘resetting’ each time,
as in Fig. 3b), measuring the resulting single-pair fluctu-
ations, δQ, and then repeating over many pairs to calcu-
late the ensemble average, δQ. In Fig. 3c we show the
behavior of δQ for a few pair instances, which reveals
that the fluctuations grow with L and depend strongly
on α, but are seemingly independent of l.
To understand why, we note that for a particular sur-
face pair the donor/acceptor arrangement is fixed, which
means the fluctuations must arise solely from the trans-
fer probability, α. Denoting the number of donors on the
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FIG. 3. (a) Sequential contacts between two surfaces leads
to accumulated charge transfer, |Q|, which increases until it
saturates at Qf (shown here for several l/l0 and with α = 0.1
and p = 0.5). For small l/l0, fluctuations are on the or-
der of Qf , overwhelming the underlying trend and leading to
non-monotinic behavior, whereas for large l they are hardly
noticeable. Dotted lines correspond to Eq. 3 using the mea-
sured Qf . (b) We quantify the fluctuations by repeating the
first contact between the same two surfaces several times and
measuring the spread, δQ. (c) For a particular surface pair,
δQ depends on both α and L, but is largely independent of
l. (d) As Qf ∝ l/l0, the relative fluctuations decrease with
l, leading to the smoother charging observed in (a) as well as
Fig. 1. Each point corresponds to the ensemble average over
20 pairs of surfaces of the fluctuations over 50 contacts.
left/right that face acceptors on the right/left as N, it
can be shown that δQ = e
√
(N  +N)α(1− α). In the
Supplemental Material [40], we justify how we can sim-
ply use the average values for N = (L/l0)2p(1 − p) to
arrive at an approximate expression for the ensemble,
δQ = e
L
l0
√
2p(1− p)α(1− α). (4)
This equation establishes that the fluctuations, like the
charge transfer, grow linearly with L, but are indepen-
dent of l. The counter-intuitive conclusion is that while
the relative influence of fluctuations cannot be suppressed
by increasing the system size, this can be achieved by in-
creasing spatial correlations. We find the ratio δQ/Qf =√
α(1− α)pi/2/(l/l0) = F ′/(l/l0) which we use to rescale
and collapse data in Fig. 3d, confirming that the relative
fluctuations quickly diminish with l. Assuming reason-
able α, we have δQ/Qf ∼ 1 when l ∼ l0, validating our
simulation results that fluctuations dominate the sequen-
tial contact behavior when no correlations are present.
Surface heterogeneity inherently features nontrivial
spatial correlations, which we have shown have significant
quantitative consequences on charge transfer. However,
the most fundamental question remains unaddressed:
what is the underlying cause of the surface heterogene-
ity in the first place? Though experiments should ulti-
mately decide, we propose that a generic nucleation pro-
cess where donors prefer to be near other donors is a
viable candidate. We support this by developing time-
dependent and latticed-based simulations that mimic a
physical process to create surfaces, again resulting in
L/l0×L/l0 donor/acceptor matrices. At each time step,
a donor site has a probability of transitioning into an ac-
ceptor site, and vice-versa. Critically, these probabilities
are determined by the states of the neighboring sites due
to energetic interactions, i.e.,
PA(ν) = P0 exp (−Kν)
PD(ν) = P0 exp (−K(4− ν)) ,
(5)
where ν is the number of first neighbors that are donors
(i.e. ν ∈ [0, 4]; see the Supplemental Material [40]). Phys-
ically, these equations represent a system where each
additional neighbor modifies the relative energy barrier
for nucleation/disappearance by a constant /kT = K.
Though more involved versions of this type of model have
been developed, we choose this simple form with the aim
of identifying basic ingredients sufficient to cause surface
structures to emerge. Full simulation details can be found
in the Supplemental Material [40].
Starting with some initial donor/acceptor arrange-
ment, we let a surface evolve until it reaches a dynamic
equilibrium that depends on the parameters in Eq. 5.
Three examples corresponding to different K are shown
in Fig. 4a. A movie showing the evolution of a surface
is also included in the Supplemental Material [40]. To
characterize these surfaces in the context of our preced-
ing analysis, we directly measure p and l/l0. Determining
p is trivial. To determine l/l0 we define the radial corre-
lation function,
C(r) = 〈s(R)s(R+ r)〉 − 〈s(R)〉〈s(R+ r)〉, (6)
where s is the site identity (1 for donor and 0 for acceptor)
at a position R on the surface, r is the distance away
from the point R, and averages denoted by 〈 〉 are over
all pairs of points separated by r. Figure 4b shows an
example of C(r) calculated for a particular surface. We
use the first zero crossing (within the margin of error)
to define the correlation length, l, as it corresponds to
the typical distance before having an equal probability of
switching from a donor to an acceptor (or vice versa). In
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FIG. 4. (a) A generic nucleation process can lead to patches
with a given size l > l0. (b) We measure l/l0 using the radial
correlation function (Eq. 6). We keep the same color scale
for l/l0 in all subfigures. (c) We vary l/l0 through parameter
K in Eq. 5. The inset shows that p remains constant. (d)
As before, the charge transferred after a contact is drastically
increased by the introduction of a lengthscale. (e) We verify
that Eq. 2 is still valid. The dotted line is the identity line.
the Supplemental Material, we show that this definition
identically recovers the known correlation lengths in our
synthetic surfaces for Figs. 1-3 [40]. In Figure 4c, we
show how sweeping through the parameter K allows us
to explore different values of l/l0 ranging from 1 to ∼60,
with p ≈ 0.5 and holding P0 fixed.
We use these simulated surfaces as input for contact ex-
periments, with the rules for charge transfer the same as
described previously. We generate 20 surfaces for various
combinations of correlation length l/l0 and surface size
L/l0, and calculate |∆Q| as before for every permutation
of two surfaces (Fig. 4d). One sees immediately that the
qualitative effect of the spatial correlations in this phys-
ically derived system is the same as what we showed for
the synthetic surfaces in Fig. 2a, i.e. the scale of transfer
increases with the correlation length. Figure 4e presents
the results rescaled using Eq. 2, which largely collapses
them onto a single line with the predicted unity slope.
In the Supplemental Material [40], we explain how the
slight deviation for intermediate values of l/l0 is due to
the presence of a spectrum of lengthscales in our sim-
ulated surfaces. The presence of multiple lengthscales
was also noted in experiments [18]. Unsurprisingly, these
points correspond to the region where the slope of l/l0
vs. K is sharpest and, consequently, the variability in the
size of generated features can be expected to be largest.
Our work in this letter ultimately stems from three
well-supported assumptions: first, that charge transfer
between insulators occurs locally [17, 22, 28, 29, 38, 39];
second, that the transfer of a single charge carrier is prob-
abilistic [41, 42]; and third, that at least in some cir-
cumstances, same-material charge transfer involves sur-
face heterogeneity [17, 18]. Based on these assump-
tions, we have shown that spatial correlations play a cru-
cial role. In a single contact, they directly affect the
amount of charge transferred, leading to approximately
linear growth when l >> l0. In sequential contacts, they
diminish the relative importance of fluctuations, lead-
ing to the smooth Q vs. nc curves that are observed
experimentally. Our results allow us to quantitatively
resolve the inconsistency regarding the site size men-
tioned in the introduction. Specifically, fitting the data
from [17] with our form in Eq. 2 and using the larger
lengthscale (l ≈ 450 nm) measured by [18], we extract
a single site size of l0 ≈ 4 A˚, which corresponds to the
much more plausible value of one donor/acceptor on an
area the size of several atoms (see Supplemental Mate-
rial [40]). This point highlights the importance of spatial
resolution in charge transfer simulations—for quantita-
tive agreement, the correlation length must be resolved.
Finally, we have addressed the origins of the surface het-
erogeneity, showing that a nucleation mechanism that en-
ergetically favors neighboring donors is sufficient to ex-
plain the previous experimental results and our analy-
sis/simulations. Our toy model is generic enough to be
consistent with proposed mechanisms such as adsorption
of some donor/acceptor (e.g. H2O) from the surrounding
environment [22, 38, 43], although unlike previous results
ours illustrates that neighboring sites cannot be treated
as independent. Our model may also be consistent with
unexplored possibilities such as donor/acceptor recruit-
ment during surface formation (e.g. from the bulk during
the curing of polymers). Experiments capable of directly
addressing the role of such mechanisms in the charging
process are required for further progress.
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